A convenient synthesis of zeolite L is presented. The size of the crystals can be tuned between 30 and 6000 nm, spanning a volume range of seven orders of magnitude. The zeolite L crystals, which typically feature a cylindrical morphology, are synthesized with various aspect ratios ranging from elongated to disc-shaped. The importance of obtaining zeolite crystals with well-defined size and morphology is discussed in view of potential applications of zeolite L containing organic dye molecules as guests.
Introduction
Zeolites are crystalline aluminosilicates featuring defined channels and cavities. The ability to accommodate various organic and inorganic species while being transparent in the UV-Vis-NIR makes zeolites ideal host materials for supramolecular organization [1, 2] . In many cases the confinement of molecules in zeolites and the catalytic activity of surface adsorption sites lead to interesting photochemical phenomena not observed in solution [3] .
Zeolite L possesses one-dimensional channels arranged in a hexagonal pattern (see Fig. 1 ) [4] . High-resolution electron microscopy has been used by Ohsuna et al. [5] to image the surface structures of zeolite L and to advance the understanding of growth processes and defects. Materials obtained by the inclusion of organic dye molecules into the channels of zeolite L feature a variety of intriguing properties, ranging from increased dye stability to photonic antenna functions and optical anisotropy [6] . The potential of dye-zeolite L composites is fully exploited by tuning the size and morphology of the zeolite crystals according to the requirements of a given application. Small dye-loaded zeolite crystals (<300 nm) are potential functional pigments, whereas large crystals (>1 m) are used for the investigation of dye arrangements by optical microscopy [7, 8] . Discshaped crystals, i.e., crystals of low aspect ratio (¼length=diameter), lead to oriented monolayers upon deposition onto a substrate, whereas crystals of high aspect ratio allow for alignment on microstructured surfaces, thereby opening possibilities for producing macroscopic areas of oriented guest molecules. The successful assembly of aligned zeolite monolayers largely depends on the ability to obtain zeolite crystals with narrow size distribution and well-defined morphology [9] .
Results and Discussion
Despite the very useful collection of verified syntheses of zeolitic materials [10] , recipes for zeolite synthesis are often difficult to follow for the non-specialist and frequently involve elaborate equipment. We will in the following present a convenient and reproducible procedure for the synthesis of zeolite L. Starting from a standard routine (see Fig. 2 ), the size and morphology of the products are tuned by changing the gel composition (H 2 O=SiO 2 and K 2 O=SiO 2 ratios) as well as other synthesis parameters such as the type of silica source and crystallization with or without agitation (dynamic or static). Table 1 gives an overview of the obtained products. Details concerning the separate steps of the syntheses are outlined in the Experimental. We have divided the products according to their particle size into three groups which are discussed in the following subsections. 
Small Crystals
To obtain zeolite L nanocrystals we performed the synthesis as reported in Ref. [11] , except for changes in the starting gel composition and the silica source (Aerosil OX-50). Dynamic crystallization conditions were applied for 6 h at 170 C. A highly alkaline molar composition 9.34 K 2 O-1.00 Al 2 O 3 -20.20 SiO 2 -412.84 H 2 O was used, yielding zeolite crystals with a size of about 30 nm which tend to agglomerate into larger clusters of 80 to 100 nm [12] . Figure 3 shows the scanning electron microscopy image (SEM) and the transmission electron microscopy image (TEM) of these crystals, the latter even resolving the channel structure. The X-ray diffraction (XRD) pattern showed the line broadening expected for such a small particle size. 
Medium Size Crystals
Crystals 200-550 nm: 'cauliflower like' morphology. A synthesis mixture was prepared as described in Ref. [13] with a molar composition of 3.17 K 2 O-1.00 Al 2 O 3 -9.83 SiO 2 -168.52 H 2 O. The silica suspension (Aerosil OX-50) was seeded with Mg 2þ (Mg(NO 3 ) 2 Á 6H 2 O) and the synthesis mixture was crystallized at 160 C for 42 h under dynamic conditions. The same product was obtained upon reducing the crystallization time and increasing the rotation speed by a factor of two. Figure 4 shows the influence of the addition of small amounts of Mg 2þ to the reaction mixture. The introduction of Mg 2þ into the zeolite synthesis mixture reduces the occurrence of impurity phases and stimulates the formation of small crystals. Unfortunately, part of the cylinder morphology is lost at the same time. Agglomeration of zeolite crystals occurs at Mg 2þ concentrations above 10 ppm. Crystals 400-1300 nm. It has been reported that the particle size of zeolite L decreases with increasing alkalinity, i.e., increasing K 2 O=Al 2 O 3 ratio [14] . We studied this effect by starting with the formal composition of 2.55 K 2 O-1.00 Al 2 O 3 -9.83 SiO 2 -165.60 H 2 O and increasing the K 2 O content in four steps up to 3.13 (using Aerosil OX-50 as silica source). The synthesis mixtures were crystallized at 160 C for 42 h under dynamic conditions. Figure 5 shows that increasing the alkalinity results not only in crystals of lower aspect ratio, but also in an increasing intergrowth at the crystal ends. Despite the fact that this intergrowth reduces the morphological quality of the crystals, the overall cylindrical shape is well preserved.
Dynamic and static crystallization conditions appeared to influence the morphology of crystals larger than 1000 nm, whereas there was no significant influence on crystals below this size. Figure 6 shows SEM images of two samples prepared with the same starting gel composition, but with different crystallization conditions. Obviously, dynamic crystallization conditions yield a product of lower quality. the amount of water in six steps up to 332.40 (using Aerosil K-330 as silica source). The synthesis mixtures were crystallized at 160 C for 6 days under static conditions. By increasing the water content of the starting gel we were able to increase the size of the crystals without reducing the morphological quality (see Fig. 8 ). resulted in 3 m cylindrical zeolite L crystals which were obtained together with an impurity phase. The zeolite L crystals were separated from the impurity phase by sedimentation (see Fig. 9 ).
Crystals 4-6 m. We followed a slightly different procedure to obtain these crystals, starting with a molar composition of 2.21 K 2 O-1.00 Al 2 O 3 -9.00 SiO 2 -164.60 H 2 O. A homogeneous distribution of cylindrical crystals with hexagonal cross-section and smooth surfaces were obtained (see Fig. 10 ). Details are given in the Experimental.
The size of zeolite L crystals can be tuned in the range of 30 to 6000 nm by variation of a convenient standard procedure. By increasing the alkalinity for a given molar composition, crystals smaller than 1 m were obtained, although the control of the morphology was difficult in this case. Well-shaped cylindrical crystals larger than 1 m were prepared by increasing the amount of water for a given molar composition. Static conditions during crystallization appeared to be ideal for this size regime, whereas no significant difference between static and dynamic conditions was observed for smaller crystals. Zeolite L crystals are usually obtained with aspect ratios above one. We have shown that by careful control of the starting gel composition and the crystallization conditions, as well as an appropriate choice of the silica source, disc-shaped crystals can be synthesized. A discshaped morphology is an important prerequisite for the preparation of oriented 2) after separation from the impurity phase by sedimentation monolayers of zeolite L and therefore essential for optimizing the use of dyezeolite composites as photonic antenna systems. Transport of electronic excitation energy by the chains of dye molecules occurs preferentially along the main channels, i.e., along the c-axis of dye-loaded zeolite L [6] . An arrangement consisting of zeolite L crystals oriented with their c-axes perpendicular to a substrate is thus desirable for the efficient transport of electronic excitation energy towards the zeolite-substrate interface. We have found that the morphology of the zeolite L crystals determines the degree of orientation. Whereas an average aspect ratio of 1.3 resulted in monolayers with only 45% of the crystals in the desired orientation, disc-shaped zeolites with an aspect ratio of 0.3 gave monolayers with close to perfect orientation. The combination of such oriented antennae with a semiconducting substrate is of considerable interest for the preparation of sensitized solar cells and the development of novel light emitting diodes (LEDs) [16] . Embedding of dye-loaded zeolite nanocrystals into thin film solar cells is another possibility to achieve sensitization. Concerning the potential applications of guest-zeolite composites, the control of the size and morpholgy of the zeolitic host is in any case essential for achieving an ideal interaction with external devices. The synthesis of large zeolite L crystals with well-defined morphology has proven to be especially useful for analytical purposes by allowing for a detailed analysis of the distribution and interaction (energy transfer processes) of guest molecules by time-and space-resolved fluorescence measurements [7] and by offering possibilities for visualizing the intrachannel diffusion of dye molecules [17] .
Experimental

Materials
We have tested three different silica sources: Two kinds of colloidal silica sol (Ludox HS-40 from Aldrich, 40% SiO 2 and Aerosil K-330 from Degussa, 30% SiO 2 ) and fine silica powder (Aerosil OX-50 from Degussa). For the latter, a colloidal suspension containing 30% SiO 2 was freshly prepared before the synthesis. Two different alumina sources were used: Aluminum hydroxide (Fluka, purum >99%) and aluminum powder (Fluka, purum >99%), the latter being only used for one specific synthesis. To introduce alkali metal cations we used KOH (Fluka, Micro Select pellets, !86%) and, depending on the requirements, NaOH (Merck, pellets GR for analysis, >99%). Throughout the synthesis doubly distilled water was used.
Calculations
In order to achieve a high reproducibility, the composition of the starting gel has to be strictly adhered to. In the zeolite literature there are, however, different procedures to calculate the required amounts of chemicals from a given gel composition. In many cases the assumptions on which these procedures are based are not clearly set forth. In the following we will therefore describe in detail our procedure to calculate the amounts of required starting material for a given molar composition a K 2 O-b Al 2 O 3 -c SiO 2 -d H 2 O. It is important to note that the composition of the reaction mixture is given as a ratio of oxides. Hydroxides must therefore be considered as oxides plus water, e.g., KOH results in 1=2 K 2 O and 1=2 H 2 O. The amount of water introduced into the reaction mixture by the hydroxides has to be Synthesis of Zeolite L 85 accounted for. The required amounts of KOH, Al(OH) 3 , SiO 2 , and H 2 O are given by Eqs. (5)-(8) based on Eqs. (1)-(4).
Mol
Mol SiO 2 ¼ c ð3Þ
Weight AlðOHÞ 3 ¼ Mol AlðOHÞ 3 Á MW AlðOHÞ 3 P AlðOHÞ 3 ð6Þ
MW KOH , MW AlðOHÞ 3 , MW SiO2 , and MW H2O are the molar masses. P KOH , P AlðOHÞ 3 , and P SiO2 are the respective purities. P SiO2 specifically refers to the SiO 2 content of the silica suspension (see below). The total amount of water is distributed among the silica suspension and the potassium-aluminate solution as follows by Eqs. (9) and (10). 
The total weight of the starting gel is then given by Eq. (11) .
The total weight can be scaled to the capacity of the crystallization vessels. We typically worked with 40 g of starting gel. The addition of further hydroxides to the synthesis mixture (NaOH for the preparation of disc-shaped crystals) has to be taken into account accordingly.
Synthesis
Zeolite L crystals were synthesized in a hydrothermal process, i.e., crystallization took place in an aqueous system containing the necessary reactants at high temperatures. Figure 2 illustrates the standard procedure. Calculated amounts of aluminum hydroxide, potassium hydroxide, and, in specific cases sodium hydroxide, were added to a precise amount of water and refluxed for 3 h at 120 C resulting in a clear solution. A silica suspension was prepared separately with a calculated amount of colloidal silica when Ludox was used. For silica powder, we added a calculated amount of silica to water and suspended it for 15 min at 18000 min À1 (Turrax mixer, IKA). This suspension was left between 0.5 to 1 h and again mixed for 10 min before use. After letting the potassium (sodium) 86 A. Zabala Ruiz et al.
aluminate solution cool to room temperature, we added it to the colloidal silica suspension under vigorous stirring and continued stirring for 3 to 6 min. The resulting homogeneous opaque gel is the final gel before crystallization. This gel was then transferred into a cylindrical poly(tetrafluoroethylene) (PTFE) vessel, which was itself placed in a tight PTFE pressure vessel. Crystallization took place at 160 C in an oven equipped with a rotating device for allowing the application of dynamic conditions (see Fig. 11 ). The rotating device consists of a holder for the pressure vessels and is mounted at an angle of approximately 30 . The rotation during crystallization was found to considerably reduce the reaction time [14] . For dynamic conditions, a rotation speed of 20 min À1 was typically applied. After crystallization the pressure vessel was cooled in ice for 1 h before opening. The product was washed several times with approximately 250 ml of boiling water and centrifuged until the pH of the supernatant became neutral. The crystals were dried for approximately 16 h at 80 C in air yielding between 5 and 8 g of material. Subsequent ion exchange was performed by suspending the material in 70 ml of water and adding 4.0 g of KNO 3 . After stirring this suspension for 5 h at about 50 C, we washed and centrifuged it until the pH of the supernatant became neutral. Finally, the crystals were dried in air for 16 h at 80 C. A typical variation of this procedure is the change of the composition of the starting gel, specifically K 2 O=Al 2 O 3 and H 2 O=Al 2 O 3 ratios.
We followed a slightly different procedure to obtain 6 m crystals (see Fig. 12 ). The potassium aluminate solution was prepared as follows: Potassium hydroxide was added to water and stirred at 0 C C) oven with rotating device (on ice) for 5 min. Next, metallic aluminum powder was added under a N 2 flow and stirred at 0 C for further 15 min. After letting the solution warm to room temperature, it was stirred at this temperature for 1.5 h under N 2 . The resulting solution was filtered for removing Fe(OH) 3 , which is due to Fe as an impurity in Al, until a clear solution was obtained (between one and two times). This solution was added to the silica suspension (Ludox) under stirring. The final gel was transferred to the PTFE vessel for crystallization at 175 C for 72 h under static conditions. Recovering of the product was conducted as explained above.
For the synthesis of small zeolite L crystals we applied the usual procedure except for adding KOH to the silica colloidal suspension in order to increase the alkalinity of the starting gel. Potassium-silica suspension and potassium-aluminate solution were refluxed separately for 15 h before mixing. Another possibility to reduce the size of the zeolite L crystals is by adding Mg 2þ to the silica suspension.
Characterization
The following experiment was performed to conveniently check the success of a zeolite L synthesis. When zeolite L is added to an aqueous solution of thionine, aggregates of the dye immediately form on the external zeolite surface [18] . Upon boiling the sample for about 1 min a sudden colour change from violet to blue is observed. This effect is due to the insertion of the dye molecules into the zeolite L channels where they can exist as monomers only. The blue colour remains after cooling to room temperature. If the test is negative (no colour change), the more involved characterization measurements can be skipped. We have found that the thionine test is very reliable, except for very small crystals, where the results are not always conclusive. The materials were analysed by X-ray powder diffraction XRD (Guinier-camera de Wolff Mk.IV, CuK radiation, ENRAF-NONIUS) for phase identification. The obtained patterns were compared with a standard pattern of commercial zeolite L (Union Carbide or=and UOP). The morphology of the crystalline phase was examined by means of scanning electron microscopy SEM (JOEL JSM 840 and Hitachi S-3000N). Small crystals were examined by transmission electron microscopy TEM (Hitachi H-600-2 and Philips XL30 ESEM-FEG). Energy dispersive X-ray measurements EDX (NORAN TN 5402 and NORAN SIX NSS200) allowed for the determination of the elemental composition of the products.
